Background: Nod-like receptor family, pyrin domain containing 3 (NLRP3) is an important cytosolic sensor of cellular stress and infection. Once activated, NLRP3 forms a multiprotein complex (inflammasome) that triggers the maturation and secretion of interleukin (IL)-1β and IL-18. We aimed to define the consequences of NLRP3 induction, utilizing exogenous adenosine triphosphate (ATP) as an inflammasome activator, to determine if inflammasome activation increases macrophage killing of Citrobacter rodentium and define mechanisms. Methods: Bacterial survival was measured using a gentamicin protection assay. Inflammasome activation or inhibition in mouse J774A.1 macrophages were assessed by measuring IL-1β; cytokines and reactive oxygen species (ROS) were measured by ELISA and DCFDA, respectively. Results: Activation of the inflammasome increased bacterial killing by macrophages and its inhibition attenuated this effect with no impact on phagocytosis or cell death. Furthermore, inflammasome activation suppressed pro-inflammatory cytokines during infection, possibly due to more effective bacterial killing. While the infection increased ROS production, this effect was reduced by inflammasome inhibitors, indicating that ROS is inflammasomedependent. ROS inhibitors increased bacterial survival in the presence of ATP, suggesting that inflammasome-induced bacterial killing is mediated, at least in part, by ROS activity. Conclusion: Improving inflammasome activity during infection may increase bacterial clearance by macrophages and reduce subsequent microbe-induced inflammation.
Introduction
The Nod-like receptor family, pyrin domain containing 3 (NLRP3) protein is a cytosolic sensor of danger-associated molecular patterns (DAMPs) and microbe-associated molecular patterns (MAMPs) [1] . When activated, the multiprotein complex NLRP3 inflammasome is formed, leading to the maturation and release of the pro-inflammatory cytokines interleukin (IL)-1β and IL-18 [2] . Inflammasome activation requires two signals, the first being production of pro-IL-1β/IL-18 and the second involves autocleavage of pro-caspase-1 when the inflammasome assembles. Mature caspase-1 then cleaves pro-IL-1β into the active form, which is subsequently secreted from the cell [2] [3] [4] . Inflammasomes and IL-1β have been linked to a variety of chronic immune-mediated disorders, such as gout and rheumatoid arthritis, where increased inflammasome activity appears to be detrimental [5] . In contrast, there is significant evidence that inflammasomes play an opposite role in inflammatory bowel diseases (IBD, including Crohn disease and ulcerative colitis) [6] [7] [8] [9] [10] . Individuals with Crohn disease have been shown to have lower expression of IL-1β and the NLRP3 gene, suggesting a protective role for the inflammasome, which we speculate may be explained by more effective control of invasive microbes [11] .
Adenosine triphosphate (ATP), a DAMP with low extracellular levels under homeostatic conditions, can be released by damaged cells, secreted by neutrophils, or directly from intestinal bacteria during infection or necrosis, eliciting an immune response [12] . The extracellular ATP sensor purinergic receptor P2X 7 has been proposed to activate the NLRP3 inflammasome through reactive oxygen species (ROS) production and potassium (K + ) efflux, although the precise mechanism of activation is not known [13] [14] [15] . The inflammasome is important during bacterial infection and ATP can have a protective role through promoting the production of ROS, which then eliminates bacteria [16, 17] . P2X 7 recruits pannexin 1, which forms a pore in the cell membrane, allowing for efflux of K + , another activator of the NLRP3 inflammasome [18] . The ROS scavenger N-acetylcysteine (NAC) and the NADPH oxidase ROS inhibitors diphenyleneiodonium (DPI) and apocynin (all of which will be referred to as ROS inhibitors) result in decreased NLRP3 expression and activation in murine macrophages [3] . Xiang et al. showed that ATP offered protection from peritonitis in mice infected with Staphylococcus aureus and Escherichia coli [12] . Csoka et al. demonstrated the ability of macrophages to increase intracellular killing of E. coli through purinergic receptors during sepsis, highlighting the beneficial effects of ATP through the inflammasome in an in vivo model [19] .
Citrobacter rodentium is a mouse pathogen that colonizes the colon and causes IBDlike colitis and is used as a model for enterohemorrhagic E. coli and enteropathogenic E. coli infections. In our previous work, we showed that extraneous IL-1β improves the ability of macrophages to phagocytose C. rodentium in Nlrp3 -/-mice and that clearance of infection is dependent on the NLRP3 inflammasome [20] . As an extension of these findings, we aimed to optimize bacterial handling and hypothesized that increasing inflammasome activation would also improve the ability of macrophages to kill these pathogens. In this study we examined the role of ATP-induced inflammasome activation in the murine macrophage cell line J774A.1 in clearing C. rodentium infection. We found that inflammasome activation decreased intracellular microbial survival along with a decrease in pro-inflammatory cytokines after the clearance of the pathogen. In addition, inflammasome activation induced ROS production, which was the cause of decreased bacterial survival. This study illustrates that the protective role of ATP-induced inflammasome activation in J774A.1 macrophages is mediated by ROS production through inflammasome activation and that optimization of inflammasome function could reduce inflammation.
Materials and Methods
Chemicals 2, 7-dichlorofluorescein diacetate (DCFDA, D6883), N-acetylcysteine (NAC, A7250), diphenyleneiodonium (DPI, D2926), apocynin (W508454), and Amicon Ultra-4 centrifugal filters (Z648035) were purchased from Sigma Aldrich. ATP (BP413-25) was purchased from Acros Organics.
Cell culture J774A.1 murine macrophage cell line (ATCC, TIB-67) was seeded into either 24-or 96-well plates as indicated for each experiment. Cells were maintained in DMEM, supplemented with 10% heat-inactivated fetal bovine serum; medium was replaced every two days and cells were passaged at 80% confluence for a maximum of 22 passages.
C. rodentium infection J774A.1 cells were seeded in 24-well tissue culture plates at a density of 5 x 10 5 cells per well (80% confluence) overnight to allow for adhesion. Prior to infection, the medium was changed to antibiotic-and serum-free DMEM. C. rodentium (DBS100, a gift from the Sherman lab, University of Toronto) was cultured overnight in lysogeny broth (LB) at 37°C. Cells were treated with the caspase 1 inhibitor AC-YVAD-CMK (25 µM, Enzo Life Sciences, ALX-260-028), or excess K + (45 mM) to inhibit the inflammasome, for 1 h preinfection. C. rodentium was added at a multiplicity of infection (MOI) of 10:1 for 2 h of infection; then ATP (2.5 mM) with or without ROS inhibitors NAC (20 µM), DPI (10 µM), or apocynin (4 mM) were added for 30 min. The medium was changed to DMEM with gentamicin (100 µg/ml, Fisher Scientific, 15750078) for 1 h to ensure killing of extracellular bacteria (confirmed by plate growth, not shown; gentamicin does not penetrate the cell membrane so intracellular bacteria remain alive). After incubation with gentamicin, cells were washed thrice with PBS, lysed with Triton X-100 (1%, 20 min), and bacteria were serially diluted and grown in LB agar plates overnight at 37°C for quantification, expressed as CFU/ml. Results are presented as percent bacterial survival compared to infected well, not treated with inhibitors ('no treatment'). Only colony counting was used for bacterial quantification.
Immunofluorescence was used as a complementary approach for each treatment using green fluorescent protein C. rodentium (GFP-DBS 100, a generous gift from Dr. Bruce Vallance, University of British Columbia). Cells were grown on 13 mm coverslips, fixed with 4% PFA (15 min), and blocked in 2% Goat Serum and 1% bovine serum albumin (15 min). Actin was stained with Alexa Fluor-594 phalloidin (1:40 dilution, 0.1% Triton, 0.2% Goat Serum, and 0.1% BSA, Fisher Scientific); 4', 6-diamidino-2-phenylindole (DAPI) (1:1000 dilution, 0.1% Triton, 0.2% Goat Serum, and 0.1% BSA) was used for nuclear staining. Slides were analyzed using Zeiss Axio Observer.Z1 microscope with ZEN Imaging software (Carl Zeiss Canada Ltd., Toronto, ON, Canada) and the illustrations were formatted for noise reduction and increased sharpness using Image J. All images were processed identically.
Phagocytosis was determined using the same method as above except with Fluoresbrite carboxylate YG one micron microsphere beads (Polysciences Inc., 18604) instead of bacteria. Beads were used to quantify phagocytosis as they are inert objects that cannot be destroyed by the maturation of the phagosomes. Quantification of intracellular beads was done using Image J and was presented as the mean number of beads per macrophage.
Cell toxicity J774A.1 cells were seeded into 6-well dishes at 1 x 10 6 cells/well (80% confluence) overnight. Cells were either infected or left uninfected for 2 h, then ATP (2.5 mM) was added for 30 min, and then trypan blue (Life Technologies, 15250061) was added to the medium (only penetrates damaged/dying cells). Multiplex cytokine assay and IL-1β ELISA J774A.1 cells were seeded into 6-well dishes at 1 x 10 6 cells/well (80% confluence) overnight. Infection proceeded as above, except gentamicin (100 µg/mL was left on overnight). Supernatants were collected the following day and analyzed using a multiplex Cytokine kit (Meso Scale Discovery, K15012B), measuring IL-1β, IL-6, IL-10, IL-12p70, keratinocyte chemoattractant/human growth-related oncogene (KC/GRO), interferon (IFN)-γ, and tumor necrosis factor (TNF)-α, following the manufacturer's instructions.
Intracellular pro and mature IL-1β were measured from cell lysates, along with secreted IL-1β collected from supernatants, using ELISA (R&D, DY401). In brief, cells were either inhibited for 1 h with YVAD (25 µM) or K + (45 mM) or left uninhibited and then infected with C. rodentium for 2 h. This was followed by 30 min ATP (2.5 µM) treatment with or without ROS inhibitors [NAC (20 µM), DPI (10 µM), or apocynin (4 mM)]. Cells were washed with PBS thrice and lysed with M-PER mammalian protein extraction reagent (Fisher Scientific, 78503). Protease inhibitor cocktail (0.08M EDTA, 0.08M phenylmethylsulfonyl fluoride, 0.8M pepstein) was added and the lysate was centrifuged at 18,800g for 10 min to pellet cell debris. Cell lysate supernatants were then centrifuged using 30k Amicon Ultra-4 centrifugal filters (following the manufacturer's instructions) to separate the mature and pro forms of IL-1β, 17 kDa and 37 kDa, respectively.
ROS measurements ROS was measured using a previously described method [21, 22] . In brief, J774A.1 macrophages were seeded overnight at 5 x 10 4 (80% confluence) cells per well in a 96-well plate. DCFDA (1 µM) was added for 30 min, then washed with PBS, and fresh DMEM was added for infection. Cells were either left uninhibited or inhibited for 1 h with YVAD (25uM) or K + and then infected with C. rodentium for 2 h, followed by 30 min ATP treatment (2.5 µM) with or without NAC (20 µM), DPI (10 µM), or apocynin (4 mM). Fluorescence was measured at Ex 485 and Em 535 . Fold changes in ROS production were normalized to control cells and compared to infected, untreated cell, which were considered as positive controls.
Statistical analysis
Statistical analysis was performed using Prism5 for Windows (Graph Pad, San Diego, CA, USA). MannWhitney two-tailed t-test was used for comparison between different treatments. Kruskal-Wallis ANOVA with Dunn's Multiple comparison test were used for phagocytosis determination and cell viability. Bar graphs represent the mean ± SEM and all comparisons with P < 0.05 were considered significant.
Results

Addition of extracellular ATP enhances bacterial killing by macrophages
To determine if inflammasome activation using extracellular ATP would enhance bacterial killing, J774A.1 macrophages were stimulated with exogenous extracellular ATP after being infected with C. rodentium. A dose response analysis showed that both 2.5 mM and 5 mM concentrations of extracellular ATP for 30 min caused a significant reduction in intracellular survival of C. rodentium [(P<0.05; Fig. 1A&B)] . A 2.5 mM concentration of extracellular ATP has been shown to be physiologically relevant to the gut setting and to activate the NLRP3 inflammasome and was therefore used in subsequent experiments [14, 23] . While the inflammasome inhibitors K + and YVAD had no effect on bacterial survival alone, YVAD and K + significantly increased bacterial survival (P<0.05; Fig. 1C-E) in the presence of ATP as compared to no treatment (NT). In addition, ATP was found to have no effect on phagocytosis as uptake of fluorescent microspheres was unaltered by the various treatments (Fig. 1F&G) . Trypan blue exclusion showed that ATP-induced inflammasome activation did not result in increased cell death (Fig. 1H) .
Extracellular ATP induces IL-1β maturation and reduces pro-inflammatory cytokine production
Addition of ATP did not increase secreted total IL-1β; however, both YVAD and K + significantly inhibited IL-1β secretion (P<0.05; Fig. 2A ). The amount of the pro IL-1β was not changed by any of the treatments of infected cells, suggesting that, as expected, 'signal one' is independent of inflammasome manipulation (Fig. 2B ). Further supporting a specific effect on inflammasome activation, intracellular mature IL-1β was significantly increased by ATP and inhibited by K + and YVAD (P<0.05; Fig. 2C ). To determine potential effects of ATP activation of the inflammasome, beyond bacterial killing, specifically on the associated immune responses, we used a multiplex cytokine assay. TNF-α and IL-6 were decreased (P<0.05; Fig. 3A&B ), whereas IL-12p70 was significantly increased after exposure of infected macrophages to ATP (P<0.05; Fig. 3C ). There was no effect of ATP on KC/GRO, IFN-γ, or secreted IL-1β (data not shown). IL-10 did not show a significant change but did indicate an increasing trend with the addition of ATP (Fig. 3D) . These findings not only support activation of the inflammasome by ATP but also demonstrate effects on other cytokines, specifically a reduction in the pro-inflammatory cytokines IL-6 and TNFα, related to bacterial clearance.
Bactericidal effects of ATP are associated with an increase in ROS
To assess whether ROS is associated with, and possibly mediates the inflammasomeinduced bacterial clearance, we used 2, 7-dichlorofluorescein diacetate (DCFDA) to measure ROS production. ROS production was significantly increased with the addition of ATP and Fig. 1 . ATP induces and YVAD and K + inhibit C. rodentium killing by macrophages with no effect on phagocytosis or cell death. ATP dose analysis was generated to determine optimal concentrations for bacterial killing (P<0.05; A and B). Macrophages were inhibited with YVAD (25 µM) or K + (45mM) for 1 hr, infected with C. rodentium for 2 hr, and ATP (2.5 mM) was added for 30 min. Cells were then rinsed and gentamicin introduced to kill extracellular bacteria. Intracellular bacteria were quantified by plating overnight. In addition to confirming enhanced killing after addition of ATP, YVAD significantly inhibited (C), while K+ inhibition partially inhibited bacterial killing (E), supporting specific effects of ATP on the inflammasome. (D) Representative immunofluorescence images using DAPI (blue) for the nucleus, Phalloidin (red) for actin, and GFP-labelled (green) C. rodentium. Data in panels C and E are shown as a percent survival of C. rodentium as compared to infected, untreated cells (NT). Only CFU counting, and not the micrographs, was used to calculate the number of surviving bacteria. Statistical analysis was done using one-way ANOVA with Tukey's multiple comparison test. N= 9-12. * P<0.05. (F) Macrophages were inhibited with YVAD (25 µM); fluorescent beads and 2.5 mM ATP were added. Numbers of intracellular beads were counted and presented as beads per macrophage. N=4. (G) Representative immunofluorescence images using DAPI (blue) for the nucleus, Phalloidin (red) for actin, and microsphere beads (green). (H) Macrophages were inhibited with YVAD (25 µM) or activated with 2.5 mM ATP. Cells were either infected (solid bars) or left uninfected (clear bars) for 2.5 hr; trypan blue was added and viability calculated by counting the proportion of dead cells per field of view. Statistical Analysis was done using one-way ANOVA with Tukey's multiple comparison test. N=3. Fig. 4A&B ), as well as the ROS inhibitors NAC, apocynin, and DPI (used as controls; P<0.05; Fig. 4C-E) , suggesting that ROS is associated with inflammasome-induced bacterial killing; however, it was not clear whether this was the cause (upstream) or result (downstream) of inflammasome activation.
To address the causal relationship between ROS, the inflammasome, and bacterial killing by macrophages we used ROS inhibitors and assessed their impact on IL-1β production and bacterial survival with inflammasome activation. Inhibition of ROS did not reduce IL-1β release, indicating that inflammasome activation is not dependent on ROS (data not shown); however, NAC and apocynin significantly increased bacterial survival in the presence of ATP (P<0.05; Fig. 5A&B ; the effect of DPI did not reach significance; Fig. 5C ). This suggests that ATP-induced inflammasome activation and bacterial killing by macrophages are at least partially mediated by and dependent on ROS activity.
Discussion
The complex relationship between bacteria and the immune response they induce, especially in the gut, is thought to contribute to immune-mediated conditions, such as IBD [24] . NOD2 is an innate immune cytosolic microbial sensor, which detects the muramyl dipeptide component of peptidoglycan; a frameshift mutation causing a NOD2 deficiency has been linked to Crohn disease susceptibility [25, 26] . The NLRP3 inflammasome is also an innate sensor of bacteria, and closely related to NOD2, that appears to have conflicting roles in different inflammatory conditions -detrimental in extraintestinal conditions and protective in IBD [27, 28] . We hypothesized that this discrepancy could be explained by the role of Fig. 2 . ATP increases intracellular mature IL-1β but not pro IL-1β. Macrophages were inhibited with YVAD (25 µM) or K + (45mM), infected, and 2.5 mM ATP added. (A) Secreted IL-1β, measured using ELI-SA, was not increased with the addition of ATP but was significantly reduced with the addition of K + or YVAD. Cells were lysed using mammalian lysis buffer; pro (B) and mature (C) IL-1β were separated using 30 kDa centrifugal filters and measured using ELISA. ATP significantly increased intracellular mature IL-1β and K + inhibited this increase. Statistical analysis was done using one-way ANOVA with Tukey's multiple comparison test. *P<0.05. N=3 for pro IL-1β; n=8 for mature IL-1β.
the NLRP3 inflammasome in bacterial killing by macrophages in the microbe-rich gut (in contrast to relatively sterile extraintestinal sites).
Using ATP to activate the NLRP3 inflammasome, we demonstrated an increased capacity of inflammasome-activated macrophages to kill intracellular bacteria, which is retarded when the inflammasome is suppressed using inhibitors, ROS scavengers, and ROS inhibitors, supporting specificity of our model. Interestingly, we found that more effective bacterial killing through inflammasome activation also reduced pro-inflammatory responses, with Fig. 3 . Pro-inflammatory cytokines are reduced by addition of ATP to infected macrophages. Macrophages were inhibited with YVAD (25 µM), infected, and 2.5 mM ATP was added. Cells were then washed, and gentamicin introduced overnight to kill extracellular bacteria. Supernatants were collected and a multiplex cytokine array was conducted; data are shown for (A) TNFα, (B) IL-6, (C), IL-12, and (D) IL-10. ATP caused a reduction in pro-inflammatory mediators IL-6 and TNFα while showing an increase in IL-12 and a trend for the anti-inflammatory mediator IL-10. Statistical analysis was done using Fig. 4 . ATP-induced inflammasome activation increases intracellular reactive oxygen species (ROS) generation. DCFDA was added to macrophages, which were then inhibited with YVAD (25 µM, A) or K + (45mM, B), infected, and treated with 2.5 mM ATP with and without ROS inhibitors N-acetyl cysteine (NAC) (20 µM, C), apocynin (APO) (4 mM, D), or diphenyleneiodonium (DPI) (10 µM, E) followed by ROS measurement. Changes in ROS production were normalized to uninfected, untreated cells. Statistical analysis was done using one-way ANOVA with Tukey's multiple comparison test. * P<0.05. N=3.
one-way ANOVA with Tukey's multiple comparison test. N=5; *P<0.05.
protective) role for the inflammasome is suggested as reduced production of IL-1β and decreased expression of the NLRP3 gene have been observed, which, given our findings, may reflect a deficiency in killing bacteria, leading to inappropriate immune activation [11] .
Bacterial-induced inflammasome activation requires live bacteria, as ATP has been shown to protect mice against E. coli and S. aureus infections through neutrophil recruitment and inflammasome activation [12, 29] . We showed that, at physiologic concentrations, ATP reduced the survival of intracellular C. rodentium with inhibition by YVAD and partial inhibition by K + . This suggests that ATP-induced inflammasome activation plays an important role in intracellular bacterial killing, supporting the findings of Xiang et al. with E. coli and S. aureus [12] .
In order to differentiate between uptake by macrophages (phagocytosis), replication within macrophages, and bacterial killing by macrophages, we incubated macrophages with inert fluorescent beads and assessed effects of inflammasome manipulation. Neither inflammasome activation nor inhibition affected the rate of bead phagocytosis, suggesting that the inflammasome is not directly involved in phagocytosis but rather in elimination of bacteria (or inhibiting bacterial replication), likely through the phagosome maturation process. Inflammasome activation can lead to pyroptosis, a form of programmed cell death, which could result in a loss of membrane integrity and gentamicin leakage, causing microbial cell death. Macrophage cell death was not increased by either ATP addition or C. rodentium infection, suggesting that the duration of infection and ATP exposure used were not causing late stages of cell death.
Intracellular pro-IL-1β was not different between any of the inflammasome manipulation treatments, which is expected as this requires 'signal one' that is provided by C. rodentium. As anticipated, intracellular mature IL-1β was significantly increased by ATP and inhibited by K + and YVAD. Another interesting observation was the change in cytokine profiles with the addition of ATP. This may suggest a switch from a Th 1 /Th 17 proinflammatory response to a more regulatory IL-10-mediated response due to activation of NLRP3 by ATP. IL-6 is required for differentiation of naïve T cells into Th 17 cells and TNF-α is a major product of Th 1 cells; therefore, this observation is important in understanding the role of macrophages and bacterial killing during chronic infections. [30] As Crohn disease is known to be a Th 17 -mediated inflammatory condition, the dysregulation (or dysfunction) of the inflammasome could lead to increased concentration of IL-6 and TNF-α , resulting in infiltration of Th 17 cells into the lamina propria and more inflammation. This could be the consequence of impaired bacterial killing, as ATP appeared to reduce pro-inflammatory cytokines in our study [31] .
There is some debate in the literature whether ROS activates the inflammasome or the reverse [32] . Our findings suggest that ATP activates the inflammasome, which then increases ROS production, as shown by ROS reduction with inflammasome inhibitors without a change in IL-1β production with ROS inhibitors. NAC is a ROS scavenger that is not specific to any organelle or complex and therefore does not contribute to our understanding of the mechanism for inflammasome-activated ROS production. DPI, a NADPH oxidase inhibitor, did not show any bactericidal inhibition, suggesting involvement of a different ROS producer outside the phagolysosome. Apocynin, another inhibitor of the NADPH oxidase complex and hydrogen peroxide scavenger, showed an increase in bacterial survival, suggesting that the ROS species responsible for microbial death is hydrogen peroxide and that this is not mediated by the NADPH oxidase complex [33] . In contrast to our findings, alveolar macrophages have been shown to have ROS-induced inflammasome activation in an LPS-ATP model [34] . Another study showed that inhibition of ROS results in decreased LPS and ATP-induced inflammasome activation in J774A.1 cells [3] . However, these studies illustrate the relationship between ROS production and the inflammasome either in a sterile inflammatory state or where there are no live bacteria present. In addition, patients with chronic granulomatous disease, lacking NADPH oxidase activity, are still capable of secreting normal levels of IL-1β [35] . This is in accordance with our findings that inflammasome activation was not affected when the three ROS inhibitors (NAC, DPI, or Apocynin) were added along with ATP to the macrophages during the infection. Nevertheless, it is possible that both ROS and the inflammasome are affected by LPS, or other bacterial factors, through NOX activation, for example. While our study did not directly address this possibility, we did show that at least in part, inhibiting the inflammasome reduces ROS and that ROS is required to eliminate bacteria. Future studies will focus on delineating the mechanism of inflammasomeinduced ROS production as there is some evidence suggesting that mitochondria, which can be affected by P2X 7 activation, interact with the NLRP3 inflammasome [36, 37] .
In Summary, our in vitro study reinforces the importance of the inflammasome in regulating and clearing enteric pathogens and possibly explains the unique role of inflammasomes in the gut, in the context of IBD, and why this is different from other settings. Bacterial killing by the inflammasome is mediated by ROS production, as shown by use of ROS inhibitors. We also show that ATP (through inflammasome activation) changes the
